-Transaminases display complicated inhibitions by ketone products and both enantiomers of amine substrates. Here, we report the first example of -transaminase devoid of such inhibitions. Owing to the lack of enzyme inhibitions, the -transaminase from Ochrobactrum anthropi enabled efficient kinetic resolution of ␣-methylbenzylamine (500 mM) even without product removal.
O mega-transaminase (-TA) catalyzes reversible transfer of an amino group between primary amines and carbonyl compounds which is mediated by pyridoxal 5=-phosphate (PLP) bound to the enzyme as a prosthetic group (1, 2) . During the last decade, -TA has gained increasing attention for chiral amine production owing to a unique enzyme property enabling both oxidative deamination of an amine involving conversion of enzyme-bound PLP to pyridoxamine 5=-phosphate (PMP) and reductive amination of a carbonyl compound accompanied by regeneration of the PLP form of enzyme (E-PLP) from the PMP form of enzyme (E-PMP), as shown in Fig. 1 (3-6 ). -TAs exhibit broad substrate specificity, a high turnover rate, stringent stereoselectivity, high enzyme stability, and no requirement for an external cofactor, all of which renders the enzyme suitable for industrial process development (2, 7) .
In the biocatalytic process design, complicated enzyme properties often limit efficient process operation (8, 9) . Despite the enzyme properties of -TAs beneficial for industrial applications, severe product inhibition causing drastic reductions in the enzyme activity has been a major challenge to exploit the -TA reactions for industrial processes (3) (4) (5) (10) (11) (12) . For example, -TA from Bacillus thuringiensis JS64 showed only 5% residual activity at 20 mM acetophenone in transamination between ␣-methylbenzylamine (␣-MBA) and pyruvate (10) . Therefore, several reaction engineering approaches to alleviate the inhibition by removing the ketone product using solvent extraction were developed (10, 12) . The product inhibition has been regarded as a general property of -TAs, and there have been no reports on the discovery of an -TA lacking the product inhibition (3-6, 13). Yun et al. reported that product inhibition of -TA from Vibrio fluvialis JS17 by aliphatic ketones can be attenuated by directed evolution (14) . However, it remains challenging to completely eliminate the product inhibition behaviors, although such an inhibition-free enzyme is in high demand for cost-effective processes.
In the previous studies, we cloned, overexpressed, and purified (S)-selective -TAs from Ochrobactrum anthropi (15) and Paracoccus denitrificans PD1222 (16) . Briefly, Escherichia coli BL21(DE3) cells carrying a pET28a(ϩ) expression vector harboring the O. anthropi -TA or P. denitrificans -TA gene were cultivated in LB medium (typically 1 liter) and the His-tagged -TA was purified using a HisTrap HP column (GE Healthcare) followed by a HiTrap desalting column (GE Healthcare) as described elsewhere (15, 16) . When necessary, the purified enzyme solution was concentrated by an ultrafiltration kit (Ultracel-30) from Millipore Co. (Billerica, MA). Substrate specificities of the two -TAs were remarkably similar (15, 16) , leading us to presume that both enzymes were prone to product inhibition. As previously observed with V. fluvialis -TA (13), P. denitrificans -TA exhibited strong product inhibition (only 10% residual activity at 20 mM acetophenone) (Fig. 2) . Assuming that the product inhibition followed a hyperbolic decay (see detailed procedures in the supplemental material), the product inhibition constant (K PI ) of acetophenone in the transamination between (S)-␣-MBA and pyruvate (both 20 mM) was determined to be 2.4 Ϯ 0.3 mM. However, to our surprise, O. anthropi -TA did not show such inhibition at all up to 20 mM acetophenone. These contrasting inhibition properties of the two -TAs were not affected by the choice of an amino acceptor (see entry 1 in Table S1 in the supplemental material, where 2-oxobutyrate was used instead of pyruvate). Based on the kinetic model we built previously to describe kinetic properties of B. thuringiensis and V. fluvialis -TAs (11, 17) , the product inhibition results from strong binding of acetophenone to the active site of E-PMP that hinders an amino acceptor from binding to E-PMP. Consistent with this, acetophenone strongly inhibited P. denitrificans -TA even in the reaction between L-alanine and 2-oxobutyrate, in which acetophenone was not a cognate product (see Table S1 in the supplemental material). In contrast, O. anthropi -TA did not show such inhibition, suggesting that the lack of product inhibition observed with O. anthropi -TA results from a binding affinity of E-PMP toward acetophenone that is much lower than that toward pyruvate and 2-oxobutyrate.
We further examined whether O. anthropi -TA was also devoid of product inhibitions by other ketones, e.g., two arylaliphatic ketones (propiophenone and 1-indanone) and two aliphatic ketones (2-butanone and cyclopropyl methyl ketone). None of the reactions between chiral amines (␣-ethylbenzylamine, 1-aminoindan, sec-butylamine, and cyclopropylethylamine) and pyruvate were inhibited by the ketone product (see entries 3 to 6 in Table S1 in the supplemental material), indicating that the lack of the product inhibition is a general property of O. anthropi -TA. In contrast, P. denitrificans -TA showed strong product inhibitions by all those ketones (i.e., K PI values ranging from 4.3 to 28.5 mM) (see Table S1 in the supplemental material).
Besides the product inhibition, substrate inhibitions by both enantiomers of chiral amines, as previously observed with V. fluvialis -TA, render kinetic properties of -TAs much more complicated (11) . Because O. anthropi and P. denitrificans -TAs displayed contrasting product inhibitions, we examined whether inhibition properties of the two -TAs were different toward amine substrates. Indeed, the -TAs showed completely different substrate inhibitions by ␣-MBA (Fig. 3) . P. denitrificans -TA showed significant substrate inhibition by (S)-␣-MBA (i.e., a reacting enantiomer) above 100 mM, whereas O. anthropi -TA was not inhibited at all up to 500 mM (Fig. 3A) . Moreover, in contrast to strong inhibition of P. denitrificans -TA by (R)-␣-MBA in the transamination between (S)-␣-MBA and pyruvate (both 20 mM), O. anthropi -TA is devoid of such inhibition by the nonreacting enantiomer of ␣-MBA (Fig. 3B) . The strong substrate inhibition of P. denitrificans -TA was also observed with achiral amine substrates, such as benzylamine (see Fig. S1 in the supplemental material).
From the initial rate measurements shown in Fig. 3 , we determined kinetic parameters of the two enzymes (Table 1) . For the kinetic analysis, we used a pseudo-one-substrate model as previously described (18) . In the case of P. denitrificans -TA, initial rate data obtained in the absence of the substrate inhibitions were used to determine the Michaelis constant (K m ) and the maximum reaction rate (V max ). Similarly to the product inhibitions, substrate inhibitions (K SI ) were assumed to follow hyperbolic decay (see detailed procedures in the supplemental material). The 
a Kinetic parameters represent the apparent rate constants determined at a fixed concentration of pyruvate (20 mM). b V max represents a maximum reaction rate normalized by an enzyme concentration. c NA, not applicable. Enzyme inhibition was not observed.
posed that substrate inhibitions by (S)-and (R)-enantiomers of chiral amines resulted from nonproductive binding to E-PMP and E-PLP, respectively (11) . It is likely that such a low binding affinity of the E-PLP form of O. anthropi -TA toward (S)-␣-MBA leads to negligible binding of (S)-and (R)-enantiomers of ␣-MBA to E-PMP and E-PLP, respectively, which may explain the lack of the substrate inhibitions of O. anthropi -TA. Similarly, the lack of product inhibition by acetophenone can be explained by the high K m (S)-␣-MBA because the same active-site residues are involved in the Michaelis complex formation between E-PMP and acetophenone. Despite the weaker binding affinity toward (S)-␣-MBA, catalytic turnover by O. anthropi -TA was found to be 4-fold faster than that by P. denitrificans -TA (Table 1) .
The dual substrate inhibitions by both enantiomers of chiral amines are highly detrimental to kinetic resolution of racemic amines, in which use of high concentrations of racemic amine substrates is preferred (19) (20) (21) . The lack of enzyme inhibition by amine substrates turned out to be a general property of O. anthropi -TA because none of the racemic amines tested (i.e., ␣-MBA, ␣-ethylbenzylamine, p-fluoro-␣-MBA, 1-methyl-3-phenylpropylamine, and sec-butylamine) caused substrate inhibition (see Fig. S2A in the supplemental material). In contrast, P. denitrificans -TA showed strong substrate inhibitions by all these amines (see Fig. S2B in the supplemental material).
Compared with more than 20 -TAs identified so far (4), O. anthropi -TA displayed an unprecedented property devoid of enzyme inhibitions by ketone products as well as amine substrates. To assess how beneficial this unique property is to chiral amine production, we carried out kinetic resolution of 500 mM ␣-MBA at 300 mM pyruvate and 75 U/ml -TA (Fig. 4) . When using O. anthropi -TA, enantiomeric excess (ee) of the resulting (R)-␣-MBA reached 95.3% at 3 h and exceeded 99.9% (i.e., absolutely enantiopure) at 10 h, even without acetophenone removal. In contrast, kinetic resolution using P. denitrificans -TA did not show any substantial reaction progress after 1 h due to strong enzyme inhibition by produced acetophenone and led to only 22% ee at 10 h, a finding which illustrates why ketone product removal was indispensable to the previous studies using inhibition-susceptible -TAs (10, 12) . This example clearly indicates that lack of the inhibition behaviors renders O. anthropi -TA ideal for kinetic resolution of chiral amines. In addition, we expect that the inhibition-free O. anthropi -TA may benefit asymmetric synthesis of chiral amines from prochiral ketones (22) (23) (24) . 
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